TFIIH is a multifunctional RNA polymerase II transcription factor that possesses DNA-dependent ATPase, DNA helicase, and protein kinase activities. Previous studies have established that TFIIH enters the preinitiation complex and fulfills a critical role in initiation by catalyzing ATP-dependent formation of the open complex prior to synthesis of the first phosphodiester bond of nascent transcripts. In this report, we present direct evidence that TFIIH also controls RNA polymerase II activity at a postinitiation stage of transcription, by preventing premature arrest by very early elongation complexes just prior to their transition to stably elongating complexes. Unexpectedly, we observe that TFIIH is capable of entering the transcription cycle not only during assembly of the preinitiation complex but also after initiation and synthesis of as many as four to six phosphodiester bonds. These findings shed new light on the role of TFIIH in initiation and promoter escape and reveal an unanticipated f lexibility in the ability of TFIIH to interact with RNA polymerase II transcription intermediates prior to, during, and immediately after initiation.
TFIIH is a multifunctional protein (1) that was originally identified by its requirement in transcription initiation by RNA polymerase II. In addition to its role in initiation, TFIIH has been shown to play a key role in nucleotide excision repair (NER) of damaged DNA and to possesses DNA-dependent ATPase and DNA helicase activities, as well as a protein kinase activity capable of phosphorylating the carboxylterminal domain (CTD) of the largest RNA polymerase II subunit. The two largest subunits of TFIIH are ATPdependent DNA helicases encoded by the NER XP-B and XP-D genes, and the TFIIH-associated CTD kinase is composed of the kinase͞cyclin pair cdk7͞cyclin H.
Substantial evidence argues that TFIIH enters the RNA polymerase II preinitiation complex (2, 3) and activates it just prior to initiation, in a reversible reaction that is catalyzed by the TFIIH DNA helicase and involves ATP-dependent formation of an open complex that decays to a closed complex with a half-life of Ϸ40 s (4) (5) (6) (7) (8) (9) (10) (11) . In subsequent studies, our laboratory identified (12) a distinct postinitiation role for ATP in preventing premature arrest by very early RNA polymerase II elongation complexes prior to their transition to stably elongating complexes. We observed that, in the absence of a hydrolyzable ATP cofactor, a significant fraction of very early RNA polymerase II elongation complexes suffers arrest at promoter-proximal sites 10-14 bp downstream of the transcriptional start site. Further investigation revealed (i) that addition of ATP to transcription reactions prior to arrest by polymerase at these sites is sufficient to suppress arrest and (ii) that a fraction of arrested elongation complexes can be reactivated by addition of ATP.
In this report, we present direct evidence that TFIIH mediates ATP-dependent suppression of arrest by very early RNA polymerase II elongation complexes. Characterization of the mechanism of action of TFIIH in this process led to the unexpected discovery that TFIIH is capable of entering the transcription cycle not only during assembly of the preinitiation complex but also after initiation and synthesis of as many as four to six phosphodiester bonds. These findings bring to light a novel role for TFIIH in controlling the activity of early RNA polymerase II elongation complexes.
MATERIALS AND METHODS.
Preparation of DNA Templates for Transcription. To prepare the double-stranded DNA fragments containing the adenovirus 2 major late (AdML) promoter and the premelted Ad(Ϫ9͞Ϫ1) promoter (Fig. 1) , the EcoRI-HindIII fragment from pDN-AdML (5) was introduced into the polylinker of double-stranded M13 mp19 linearized with the same restriction enzymes to generate M13 mp19-AdML. After transformation of Escherichia coli XL-1 Blue with M13 mp19-AdML, phage were grown in XL-1 Blue bacterial cultures, and singlestranded phage DNA, which corresponds to the bottom (coding) strand of the AdML promoter, was prepared as described (13) . Oligonucleotides, one with the sequence of the top (noncoding) strand of an AdML promoter region encompassing nucleotides Ϫ59 to ϩ17 from pDN-AdML and the other with the same sequence except for a 9-bp mismatch sequence AAGTAGAAG at the transcriptional start site (Fig. 1) , were used as primers to direct synthesis of double-stranded DNA fragments. Approximately 150 fmol of each oligonucleotide was mixed with Ϸ50 fmol of single-stranded M13 mp19-AdML DNA in a hybridization solution containing 25 mM Tris⅐HCl (pH 7.6), 50 mM KCl, and 8 mM MgCl 2 . The mixtures were heated to 94°C for 5 min and then cooled to room temperature over 2 hr. To extend the oligonucleotide primers, the annealed templates were incubated with 10 units of the Klenow fragment of DNA polymerase I (Promega) and all four ultrapure deoxyribonucleoside triphosphates (Pharmacia; each at 100 M) at 37°C for 3 hr. The DNA was then digested with KpnI, which cleaves the DNA Ϸ50 bp upstream of the transcriptional start site, extracted once with phenol͞chloroform, and ethanol-precipitated. The DNA was then digested with AvaII to generate Ϸ410-bp fragments and purified by agarose gel electrophoresis.
Preparation of RNA Polymerase II and Transcription Factors. RNA polymerase II (14) and TFIIH [rat ␦, TSK SP-5-PW fraction (15)] were purified as described from rat liver nuclear extracts. Recombinant yeast TATA box-binding protein [TBP; AcA 44 fraction (16, 17) ], and TFIIB [rat ␣ (18)] were expressed in E. coli and purified as described. Recombinant TFIIE was prepared as described (19) , except that the 56-kDa subunit was expressed in E. coli BL21(DE3)-pLysS. Recombinant TFIIF was purified as described (20) from E. coli JM109(DE3) coinfected with M13 mpET-RAP30 and M13 mpET-RAP74.
Assay of Transcription. Transcription reactions were performed essentially as described (12) . Except as indicated, preinitiation complexes were assembled at the AdML promoter at 28°C by a 45-min preincubation of 35-l reaction mixtures containing 20 mM Hepes⅐NaOH (pH 7.9), 20 mM Tris⅐HCl (pH 7.9), 60 mM KCl, 4 mM MgCl 2 , 0.1 mM EDTA, 1 mM dithiothreitol, bovine serum albumin at 0.5 mg͞ml, 2% (wt͞vol) polyvinyl alcohol, 7% (vol͞vol) glycerol, 6 units of RNasin, Ϸ10 ng of the M13mp19-AdML-derived KpnI-AvaII fragment containing either the wild-type AdML promoter or the Ad(Ϫ9͞Ϫ1) promoter, Ϸ50 ng of recombinant yeast TBP, Ϸ10 ng of recombinant TFIIB, Ϸ20 ng of recombinant TFIIF, Ϸ20 ng of recombinant TFIIE, Ϸ10 ng of TFIIH, and Ϸ0.01 unit of RNA polymerase II. As indicated, transcription was initiated by addition of various combinations of ribonucleoside triphosphates.
Isolation of Early RNA Polymerase II Elongation Complexes by AcA 34 Gel Filtration. A 1 cm ϫ 12 cm AcA 34 column was packed and equilibrated at room temperature with buffer containing 20 mM Hepes⅐NaOH (pH 7.9), 20 mM Tris⅐HCl (pH 7.9), 60 mM KCl, 4 mM MgCl 2 , 0.1 mM EDTA, 1 mM dithiothreitol, bovine serum albumin at 0.5 mg͞ml, and 7% glycerol. Five transcription reactions were performed as described in Fig. 4 and applied to the column, and material was eluted at room temperature with the same buffer. Fractions of 100 l were collected.
RESULTS
As described above, we recently discovered a postinitiation role for ATP in suppression of premature arrest by RNA polymerase II at promoter-proximal sites, in experiments carried out with a transcription system reconstituted with recombinant TBP, TFIIB, TFIIE, TFIIF, purified RNA polymerase II, and TFIIH from rat liver (12) . Because TFIIH is the only one of these proteins known to possess associated ATPase activity, we sought to determine whether TFIIH is involved in this process. To accomplish this, we needed an assay capable of distinguishing the requirement for TFIIH in synthesis of the first phosphodiester bond of promoter-specific transcripts from its potential roles in subsequent transcriptional stages. We therefore took advantage of the artificial AdML promoter derivative Ad(Ϫ9͞Ϫ1), which contains a premelted transcriptional start site ( Fig. 1 ) and does not require TFIIH for initiation (10, (21) (22) (23) .
In the experiment of Fig. 2A , transcription was reconstituted, in the presence or absence of TFIIH, with recombinant TBP, TFIIB, TFIIE, TFIIF, purified RNA polymerase II, TFIIH from rat liver, and DNA fragments containing either the wild-type AdML promoter or the Ad(Ϫ9͞Ϫ1) promoter. Consistent with previous results (1) run-off transcripts by RNA polymerase II from the wild-type AdML promoter was dependent on TFIIH, whereas synthesis of run-off transcripts from the Ad(Ϫ9͞Ϫ1) promoter was observed in the absence of TFIIH. Notably, synthesis of full-length run-off transcripts by RNA polymerase II from the Ad(Ϫ9͞Ϫ1) promoter was significantly reduced in the absence of TFIIH. This reduction in synthesis of full-length run-off transcripts from the Ad(Ϫ9͞Ϫ1) promoter was not due to an effect of TFIIH on initiation, since, as measured by the dinucleotide-primed abortive initiation assay (4, (24) (25) (26) , similar levels of initiation from the Ad(Ϫ9͞Ϫ1) promoter were observed in the presence or absence of TFIIH (Fig. 2B) .
Further analysis revealed that reduction in synthesis of full-length run-off transcripts from the Ad(Ϫ9͞Ϫ1) promoter was due in large part to premature arrest by very early RNA polymerase II elongation complexes. In these experiments, preinitiation complexes were assembled at the wild-type AdML promoter or the Ad(Ϫ9͞Ϫ1) promoter in the presence or absence of TFIIH, and transcription was carried out with 200 M of the initiating dinucleotide CpU, 5 M ATP, 5 M UTP, 0.5 M [␣-
32 P]CTP, and 100 M 3Ј-O-methylguanosine 5Ј-triphosphate (3Ј-O-MeGTP), which prevents most transcription beyond the first guanosine at position ϩ18 in the AdML transcript (Fig. 1) . As shown in Fig. 2C , when transcription was carried out in the presence of TFIIH, a substantial fraction of RNA polymerase II elongation complexes at both the wild-type AdML and the Ad(Ϫ9͞Ϫ1) promoters successfully synthesized 18-nt 3Ј-O-MeG-terminated transcripts. As expected, when transcription was carried out in the absence of TFIIH, only the Ad(Ϫ9͞Ϫ1) promoter supported detectable transcription by RNA polymerase II. The vast majority of RNA polymerase II elongation complexes at the Ad(Ϫ9͞Ϫ1) promoter, however, suffered premature arrest at promoter-proximal sites within 14 bp of the transcriptional start site. To determine whether ATP is required for TFIIHdependent suppression of arrest, it was necessary to eliminate the requirement for ATP as a substrate in synthesis of 3Ј-OMeG-terminated transcripts. To accomplish this, we substituted CpA for CpU as the priming dinucleotide, thereby eliminating the requirement for ATP as a substrate for RNA chain elongation. As shown in Fig. 2D , results of this experiment revealed that TFIIH-dependent relief of arrest by very early RNA polymerase II elongation complexes at the Ad(Ϫ9͞ Ϫ1) promoter depends on ATP (Fig. 2D) . We note that the reduction in synthesis of 18-nt 3Ј-O-MeG-terminated transcripts from the Ad(Ϫ9͞Ϫ1) promoter in the absence of TFIIH (Fig. 2C) is greater than the reduction in synthesis of full-length run-off transcripts from the Ad(Ϫ9͞Ϫ1) promoter in the absence of TFIIH (Fig. 2 A) . This is due at least in part to a difference in the ribonucleoside triphosphate concentrations used in the two experiments, since we consistently observe that increasing the ribonucleoside triphosphate concentrations decreases the fraction of early RNA polymerase II elongation complexes that suffer arrest at promoter-proximal sites. Thus, these results indicate that, just as a fraction of very early RNA polymerase II elongation complexes deprived of ATP suffer premature arrest at promoter-proximal sites 10-14 bp downstream of the wild-type AdML promoter (12), RNA polymerase II elongation complexes suffer premature arrest at promoter-proximal sites a similar distance downstream of the Ad(Ϫ9͞Ϫ1) promoter in the absence of either ATP or TFIIH.
TFIIH-and ATP-dependent activation of the preinitiation complex depends strongly on TFIIE (7, 10, 11, 22) . To determine whether TFIIE is also required for TFIIH-and ATP-dependent suppression of arrest by early RNA polymerase II elongation complexes, transcription from the Ad(Ϫ9͞ Ϫ1) promoter was carried out in the presence of RNA polymerase II and various combinations of initiation factors. In agreement with previous studies (10, 23), transcription initiation by RNA polymerase II at the Ad(Ϫ9͞Ϫ1) promoter was dependent only on TBP, TFIIB, and TFIIF and was inhibited by ␣-amanitin at 1 g͞ml (Fig. 3) . RNA polymerase II elongation complexes suffered arrest at promoter-proximal sites when transcription was carried out in the absence of either TFIIE or TFIIH. Thus, like TFIIH-and ATP-dependent activation of the preinitiation complex, TFIIH-and ATPdependent suppression of arrest by very early RNA polymerase II elongation complexes is strongly dependent on TFIIE.
Further investigation of the mechanism of TFIIHdependent suppression of arrest revealed that TFIIH can prevent arrest even when added to transcription reactions after synthesis of the first four to six phosphodiester bonds of nascent transcripts. In these experiments, RNA polymerase II elongation complexes containing 5-to 7-nt transcripts were synthesized from the Ad(Ϫ9͞Ϫ1) promoter in the presence of TBP, TFIIB, TFIIE, and TFIIF and were purified by gel filtration. Transcripts associated with purified elongation com- inhibitor of TFIIH-dependent suppression of promoterproximal arrest. To address the possibility that an activity other than TFIIH in our TFIIH preparations might be responsible for suppressing arrest by RNA polymerase II, we tested chromatographic fractions from the final step in purification of the TFIIH used in this study for their abilities to suppress promoter-proximal arrest. As shown in Fig. 5 , ''arrestsuppressing'' activity copurified closely with both TFIIH transcriptional activity and TFIIH subunits during high-resolution TSK SP-5-PW HPLC, strongly supporting the proposal that TFIIH is indeed capable of controlling the activity of early RNA polymerase II elongation complexes.
DISCUSSION
TFIIH was initially identified as an essential RNA polymerase II general transcription factor (3, (27) (28) (29) . Further characterization revealed that TFIIH is a multifunctional protein possessing closely associated DNA-dependent ATPase, DNA helicase, and CTD kinase activities (1) . Biochemical studies have shown that promoter-specific transcription initiation by RNA polymerase II requires a hydrolyzable ATP cofactor in addition to TFIIH and remaining general transcription factors TFIIB, TFIID, TFIIE, and TFIIF. Substantial evidence argues that TFIIH plays a critical role in initiation by entering the preinitiation complex and catalyzing ATP-dependent formation of the open complex prior to synthesis of the first phosphodiester bond of nascent transcripts. In this report, to our knowledge, we provide the first direct evidence that TFIIH is also capable of controlling the activity of RNA polymerase II at a postinitiation stage of transcription and, moreover, that TFIIH need not assemble into the preinitiation complex to accomplish this. In a previous study, we found that RNA polymerase II elongation complexes at the AdML promoter are highly susceptible to arrest at promoterproximal sites 10-14 bp downstream of the transcriptional start site when elongation is carried out in the absence of a Proc. Natl. Acad. Sci. USA 94 (1997) hydrolyzable ATP cofactor (12) . By exploiting the premelted AdML promoter derivative Ad(Ϫ9͞Ϫ1), we discovered that early RNA polymerase II elongation complexes formed at the Ad(Ϫ9͞Ϫ1) promoter in the absence of TFIIH, TFIIE, or both are also prone to arrest at promoter-proximal sites a similar distance downstream of the transcriptional start site. Furthermore, we showed that arrest by RNA polymerase II can be suppressed even when TFIIH is added to transcription reactions after synthesis of the first few phosphodiester bonds of nascent transcripts as long as ATP is also present. Thus, TFIIH and TFIIE play dual roles in transcription: they are essential for ATP-dependent open complex formation prior to first bond synthesis, and they are critical for ATP-dependent suppression of premature arrest by very early RNA polymerase II elongation complexes prior to their transition to stably elongating complexes. Exactly how TFIIH and TFIIE function together to prevent premature arrest by RNA polymerase II is presently unknown. A reasonable hypothesis is that the TFIIH DNA helicase is involved in this process, in light of evidence that ATPdependent open complex formation and initiation, as well as ATP-dependent suppression of arrest, are blocked by ATP [␥S] , an inhibitor of the TFIIH DNA helicase but not of the TFIIH CTD kinase (refs. 5 and 10-12 and data not shown). In addition, on the basis of evidence that TFIIE is capable of stabilizing the association of TFIIH with both polymerase (30, 31) and the preinitiation complex in vitro (3, 32) , it is possible that TFIIE prevents premature arrest by RNA polymerase II at least in part by stablilizing the interaction of TFIIH with early elongation complexes.
Finally, what role TFIIH-mediated suppression of arrest by early RNA polymerase II elongation complexes might play in mRNA synthesis in eukaryotic cells is not known. Based on results of experiments carried out in vivo (33) (34) (35) , it has been suggested that TFIIH may be involved in regulation of elongation by a variety of DNA binding transactivators. From our biochemical experiments, it is clear TFIIH and ATP can substantially suppress promoter-proximal arrest and, therefore, have the capacity to control a potentially rate limiting step in transcription. We note that, although TFIIH and ATP are essential for promoter-specific transcription initiation under most conditions, they do not appear to be essential for promoter escape, since a fraction of polymerases are capable of exiting the promoter in the absence of TFIIH and ATP. Nevertheless, under conditions where promoter escape is physically blocked by, for example, a promoter-proximal nucleosome or DNA-bound protein, the efficiency of ATPdependent promoter escape might become critical for transcription.
